Introduction
Since the introduction of the Shinkansen in Japan in the 1960s, the speeds of high-speed passenger trains have been increasing steadily, and now often exceed 300 km/h 1 . With increasing speed, the frequency content of a given track irregularity shifts to higher frequencies, whereas the frequency range over which the human body is most sensitive to vibration discomfort does not change. These changes in the frequency content of the excitation, as well as increases in the vibration magnitude, will affect the ride comfort of railway passengers. Requirements for the track geometry for high speeds are expected to differ from those used for conventional speeds, as longer wavelength irregularities become more important.
When a railway vehicle runs along the track, it largely follows the track geometry in both vertical and lateral directions, producing vibration of the car body in all directions. The sensitivities of the human body to vibration in each direction are different (BS 6841:1987 2 ; ISO 2631-1:1997 3 ) and therefore the relative importance of the different components of track geometry may differ and change with varying speed. Understanding such factors would assist in the design of setting design requirements for track geometry for higher speeds and in the design of future high-speed trains.
For speeds up to 300 km/h, UIC 703 4 recommends limits to the geometry of the horizontal and vertical curves. Limits for horizontal curves are given in terms of cant, cant deficiency, cant excess, rate of cant deficiency at transitions, and rate of cant gradient; those for the vertical curves are given in terms of the quasi-static vertical acceleration. These limits are recommended for track stresses and safety, track maintenance, and ride comfort. European Standard EN 13848-5 sets out track irregularity limits associated with safety for various wavelength ranges up to 70 m and for train speed up to 360 km/h 5 . For example, as immediate action limits, the longitudinal level with wavelength between 25 and 70 m must be less than 18 mm (zero to peak value) for train speeds between 230 and 300 km/h, and less than 16 mm for speeds between 300 and 360 km/h. However, for wavelengths greater than 70 m, the limit is not included in the standard. Other standards on the track irregularity limits for high-speed railway in Japan, France, Germany, China as well as those specified in EN 13848-5, were summarised and compared by Tian et al 6 . In these standards the maximum wavelength for which a limit is given is up to 150 m in the Chinese standards [7] [8] for train speeds between 250 km/h and 350 km/h. The effect on ride comfort of wavelengths greater than 150 m for speeds greater than 250 km/h is unclear.
International and British standards provide guidance on the measurement, evaluation and assessment of whole-body vibration with respect to vibration discomfort. BS 6841 2 and ISO 2631-1 3 provide general guidance. Standards for vibration discomfort in railway vehicles include Refs 5-8 9-12. BS 6841 2 and ISO 2631-1 3 include frequency-dependent weightings for the different directions of vibration. They suggest an 'average' method, using the root-mean-square (r.m.s.) or root-mean-quad (r.m.q.) of the whole length of acceleration signals, and a 'dose' method, using the vibration dose value. EN 12299 59 and UIC Code 513 812 suggest a 'statistical' method using the 95 th percentile of 60 sequences of 5 seconds r.m.s. acceleration signals to evaluate vibration discomfort (i.e. 5 minutes in total). Comfort in railway vehicles can be assessed using a variety of methods. Compared with EN 12299 (which is derived from UIC 513), ISO 2631-1 defines a more complete set of measurement positions, based on 12 vibration inputs: three at the floor, six at the seat pan and three at the backrest. EN 12299 defines a 'Standard method' based only on three directions at the floor and a 'Complete method' based on four positions: vertical acceleration at the floor, vertical and lateral at the seat pan and longitudinal at the backrest. On the other hand, EN12299 requires longer measurements with at least four blocks of 5 minutes. The Sperling Index, as applied in Ref 13,  uses only vertical acceleration of the floor. In the present study the method of ISO 2631-1 is used.
According to ISO 2631-1 3 , accelerations should be measured at the feet and at the backrest in the three translational axes, at the seat pan in all six axes (three translations and three rotations) for frequencies in the range 0.5 to 80 Hz. An overall weighted vibration exposure is then derived to reflect the overall discomfort caused by vibration.
To estimate vibration exposure using dynamic models of the railway system, these should include appropriate models of the vehicle, the track, and the contact mechanics between them. Each of these can have different structures or complexity depending on their applications and frequency ranges. Focusing on frequencies, below 80 Hz, in the studies of ride comfort or hunting stability of vehicles, more details of the vehicle structures are required than the track (e.g. Refs 9-15 [14] [15] [16] [17] [18] [19] . These models often represent the vehicle as a two-or three-dimensional multi-body system with either a rigid or a flexible car body.
Rigid-body modes of the car body occur at frequencies less than 3 Hz 15-1719-21 and thus vehicle models for ride comfort analysis should include the primary and secondary suspension. The first order bending and torsional modes of the car body usually occur around 10 Hz 9,13-1813-14, 19-22 .
Flexibility of the car body can affect the ride comfort greatly when the first bending mode is lower than 10 Hz 1217 and should therefore be included. The number of flexible modes of the car body that should be considered for vibration discomfort has not been well reported. Using a finite element model of a car body, Diana et al. 1923 found 33 modes between 5 and 20 Hz, many of which were local modes. An Euler-Bernoulli beam has been used to represent the vertical bending of the car body [17] [18] [19] . Estimated from the beam parameters given by Sun et al. 13 , there are three vertical bending modes below 100 Hz, at approximately 12, 33, and 65 Hz.
As well as the vertical dynamics, lateral track irregularities and horizontal curves can cause lateral and rotational vibration of the car body. Howarth and Griffin 2024 measured and evaluated vibration in nine positions/axes of a seated passenger during two scheduled rail journeys for ride comfort.
The vertical and lateral vibration at the seat and the fore-and-aft vibration at the backrest were found to contribute most to vibration discomfort. Two-dimensional models, such as those presented in Refs 12, 13, 17 and 1519 cannot represent the roll, yaw, and lateral motions and a three-dimensional model 21, 22, 11 , is needed.
For the track, software packages for railway vehicle dynamics contain models with different levels of complexity. For example, the Universal Mechanism 2327 software has a massless model for the track with only force elements intended for frequencies less than 20 Hz, an inertial model with mass-spring-damper systems for frequencies up to 100 Hz, and a flexible model with a beam supported by an elastic foundation for frequencies up to 1000 Hz. Other computer packages have similar options. For a ballasted track, the vertical point receptance generally shows a flat modulus and a phase close to zero for frequencies up to about 80 Hz and a strongly damped resonance typically between about 80 and 100 Hz 2428 . This indicates that the track performs predominantly as a spring at frequencies less than 80 Hz. The vibration decays rapidly along the rail in this frequency region, so there a single degree of freedom mass-spring-damper system may therefore be sufficient.
In the vertical direction, the rail irregularity provides a relative displacement input to the wheel/rail contact. However, in the lateral direction the wheelsets are effectively unconstrained on the railhead (except by flange contact) allowing relative displacement in the lateral direction between the wheels and rails, especially during curving. Model complexity for ride analysis has been studied by Graa et al. 2529 . This paper presents a study of the vibration experienced by a seated passenger. For a railway vehicle running on a track with known geometry, the overall vibration exposure is evaluated using the methods from ISO 2631-1 3 . The aim objective of the study is to determine the relative importance of each components of track geometry in different directions and in different wavelength ranges for train speeds up to 400 km/h. Although the ride comfort will also depend on the dynamics of the vehicle, the influence of varying vehicle parameters is not considered. Other aspects of the dynamic performance of the system, e.g. details of wheel-rail interaction and running safety are also not considered.
The study is based on the measured geometry of a typical section of track of length 5 km from a high-speed line. This is used together with a three-dimensional model of the vehicle dynamic behaviour, which includes flexible modes of the car body. Vibration measurements have been carried out in a train running over the same 5 km section of track. The vehicle parameters have been determined by tuning the model to match the vibration measurements inside the train. The calibrated model is then used to study the relative importance of the different components of track geometry on ride comfort and how these change with increasing train speed.
Measurements

Vibration measurements on a train
Measurements of rail vehicle motion were made by the authors on an in-service passenger train. Measurements of vibration were made at the seat, backrest and feet in accordance with ISO 2631-1 3 (Figures 1b and 1c ). An aluminium block (15 cm x 15 cm x 15 cm, 6.23 kg) was placed on the carpet on the floor by the subject's feet. In laboratory tests it was determined that this block resting on a similar carpet can be considered to move rigidly with the floor at frequencies up to about 30 Hz. Three piezo-electric accelerometers were mounted at the top corner of the block to measure accelerations in the three translational axes (see Figure 1c ). Accelerations in the three translational axes at the seat pan and backrest were measured by two SIT-pads containing triaxial accelerometers. The vibration signals were acquired at a rate of 4096 samples per second, filtered with a low-pass filter at 100 Hz, and later resampled at 256 samples per second. GPS data were also recorded every 1 second. The DC components of acceleration were not measured because the sensors are piezo-electric.
Additionally, measurements in six axes were made using an inertial measurement unit (IMU) on the floor of the trailing cab (about 20 cm to the left of the longitudinal centre line, see Figure 1d ) on the same 5 km section of track on a different occasion. The IMU contained a tri-axial accelerometer and three gyroscopes. These measurements covered the frequency range down to DC.
Measured track geometry
The geometry of the chosen 5-km section of track is shown in Figure 2 . Two sources of track geometry data were used. First, the vertical and lateral irregularities on each rail have been Table 1 . The lateral long wavelength alignment is introduced in the vehicle model in terms of curvature and cant, rather than displacement. The spectrum of equivalent lateral alignment shown in Figure   3 has therefore been determined by running the model (described below) first with only the curvature and the cant of the track, and then with a straight track containing a certain level of lateral irregularity. The spectrum of the lateral irregularity was then scaled by the ratio of the spectra of the lateral accelerations of the car body between these two calculations to obtain the spectrum of the equivalent lateral alignment.
Extended track geometry spectrum
An extended track geometry spectrum for the missing wavelength range between 35 m and approximately 300 m has been determined by using the data from the IMU; these are more reliable in this wavelength range than those obtained with the piezo-electric accelerometers.
To generate this spectrum, a notional sample of vertical irregularity was generated containing wavelengths between 35 and 300 m. The model described below was run and the vertical acceleration of the vehicle was compared with the IMU data. The sample irregularity spectrum was adjusted to give a good match. The same approach was applied to generate the lateral irregularity with wavelengths between 35 and 300 m, but an iterative process was required because of the nonlinearities in the lateral vehicle/track interaction. The combination of the original track geometry and this new track geometry covers the whole wavelength range of interest. This combined track geometry is called the 'extended track geometry' and is shown in Figure 3 . As the bouncing mode of the car body was found to be around 1.3 Hz (see Table 2 ), below 1 Hz the response of the car body is mainly determined by the track geometry. Therefore, the extended track geometry based on the IMU data are not sensitive to the details of the vehicle model and are independent of the calibration process carried out below. The normal wheel/rail contact force is calculated for each wheel using a linearized Hertz contact stiffness 30 . Creep forces between the wheel and the rail are calculated using the FASTSIM algorithm 31 . At each step of the vehicle dynamics simulation, the contact patch between the wheels and rails is updated using a look-up table containing contact parameters 26 
Parameter identification using vibration measurements on a train
The floor accelerations measured by the two different measurement systems are compared in Table 2 . It should be noted that these vehicle model parameters are not claimed to represent the actual physical parameters of the vehicle. They are mainly intended to be a set of equivalent parameters that allow the interior vibration to be estimated from the track geometry. As such they are not unique, especially as the interior response is relatively insensitive to some parameters. The equivalent parameters are given in the Appendix. The floor vibration is well predicted apart from the roll. This is lower than the measured spectrum because the irregularities in the extended track geometry for wavelengths between 35 and 300 m were the same for the two rails.
Estimation of seat transmissibility
According to ISO 2631-1 3 , to predict vibration discomfort requires knowledge of vibration at the seat pan and at the backrest as well as at the floor. To derive these for different speeds or track geometry, seat transmissibilities have been estimated from the measured accelerations. Figure 6 shows examples of the seat transmissibilities calculated from the operational data using the following transfer functions 2933 :
where H(f) is the transmissibility; Gab(f) is the cross-spectral density function between a and b, Gaa(f) is the power spectral density of a.
[Insert Figure 6 ] A seat is a multiple-input system in which motions in the various inputs can be partially coherent.
In this study, it is assumed that where there is high coherence between one of the accelerations on the floor and on the seat, the transfer function between these locations can be used to represent the seat transmissibility. At frequencies between 0.5 and 20 Hz, the coherence was mostly close to unity for the various transfer functions shown in Figure 6 . The coherence for other combinations of direction was generally less than 0.5.
Vertical and lateral accelerations at the seat pan and the backrest have been calculated from the vertical and lateral accelerations at the floor using the transfer functions given in Figure 6 . The fore-and-aft backrest acceleration is approximated from the vertical floor acceleration (Figure 6e ).
Comparison of vibration exposure between measurements and model
The overall weighted acceleration, which is a measure of vibration discomfort, has been determined here according to ISO 2631-1 3 . The standard gives ranges of values that are approximate indications of likely reactions as shown in Table 3 . The rotational accelerations at the floor are used to approximate rotational accelerations at the seat pan. This simplification has limited influence on the overall weighted acceleration as the rotational vibrations generally contribute less to the overall vibration discomfort than translational vibration 3034 . The overall weighted acceleration increases with increasing speed, by a factor of 2 between 200 and 300 km/h and by a factor of 3.5 between 200 and 400 km/h (Figure 9 ). At all speeds, the vibration caused by the vertical irregularities dominates the overall level, and that produced by the lateral irregularities is the secondary contributor. The weighted acceleration produced by the other longer wavelength components of the geometry is much smaller.
[Insert Figure 9 ] 
Requirements on track wavelengths for high speeds
To refine the requirements for track geometry at high speeds, it is necessary to understand the discomfort produced by each wavelength component in the track at different speeds. Figure 10 shows contribution from each wavelength band to the overall weighted vibration at different speeds. The dominant wavelengths are between 50 and 100 m for both the vertical and lateral irregularities, and between 5 and 12 m for the vertical irregularities. Both wavelength ranges appear as peaks in the overall weighted vibration.
[Insert Figure 10 The peak response in the wavelength region between 100 and 50 m corresponds to a frequency of 1.3 Hz, which is the bounce mode of the car body on the suspension (see Table 2 ). The coupled roll and lateral modes at 1.5 and 1.7 Hz also occur in this frequency region. Therefore, to maintain a suitable level of overall weighted vibration at higher speeds, it is important that both the vertical and lateral irregularities with wavelengths between 50 and 100 m of a high-speed track should be controlled.
To predict the vibration discomfort of seated train passengers for speeds up to 400 km/h, the 
Effect of curvature of vertical curves on vibration discomfort with different speeds
To investigate the influence of vertical curves, a single vertical curve between two straight tracks was used. The straight parts are 500 m in length, and the vertical curve has a length of 444 m.
As before, the geometry was smoothened by overlaying a beam-on-elastic-foundation model. No lateral curvature or cant was included and the track was otherwise smooth. The model has been run with five different radii (8, 12, 16, 20 , and 24 km) and the same five different speeds. Figure 12 shows the overall weighted acceleration as a function of vertical curvature. At each speed, with increasing vertical curvature the overall weighted vibration increases almost linearly.
Again these weighted accelerations are much smaller than those due to vertical and lateral irregularities.
Although the horizontal and vertical curves have only a limited effect on vibration discomfort, they will have more significant effects on postural stability 35 , motion sickness 36 and aspects of safety and maintenance 37 . However, these aspects are not considered in the current study.
[Insert Figure 12 ] 
Conclusions
An investigation is presented into the combined effect of speed and track geometry on vibration discomfort in high-speed trains. Railway vehicle dynamic models are used with the measured geometry of a section of high-speed track as an input. The models have been calibrated with vibration measurements carried out in a train running over this section of track and then applied to predict vibration discomfort at increased speeds. 
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